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Hazard evaluation is an emerging science. The Hazard Evaluation System and Information
Service (HESIS), part of California's program in preventive occupational health, is a re-

source for clinicians who wish to stay abreast of the relationship between toxicology and
occupational health. For example, advances in assays for cancer or reproductive effects
in test animals enable us to identify with greater confidence significant cancer or repro-

ductive hazards among the increasing variety of workplace exposures. Occupational
experiences with dibromochloropropane (DBCP), Kepone, bis(chloromethyl) ether, benzi-
dine and vinyl chloride demonstrate the shortcomings of relying on human data. The
latency period of cancer, limited sensitivity of epidemiologic studies and severity of
effects require us to use animal test data to evaluate the potential cancer and reproduc-
tive risks of workplace substances. HESIS gives appropriate weight -to experimental data
in hazard evaluations of chemicals such as ethylene oxide, ethylene dibromide, polychlo-
rinated biphenyls and the glycol ethers. A similar approach is apparent in the California
Department of Health Services' recently released Carcinogen Identification Policy.

In 1977 male workers engaged in formulating com-
mercial batches of several pesticides, including the

nematocide dibromochloropropane (DBCP), at a chemi-
cal plant in Lathrop, California, realized that for sev-

eral years none of them had fathered a child. Their
fears of apparent infertility were confirmed when, with
the cooperation and assistance of their union, the com-

pany and health professionals, semen analyses were

conducted and the group was found to have an abnor-
mally high prevalence of oligospermia (low sperm count)
and azoospermia (absence of sperm).' The frequency and
severity of these effects correlated well with the dura-
tion of the men's exposure to DBCP. Pronounced effects
on spermatogenesis occurred at exposure levels as low
as 0.4 ppm (eight-hour time-weighted average), doses
that produced no other clinical signs of toxicity.2

Shortly thereafter, results from the National Cancer
Institute Bioassay program were released showing that
DBCP caused cancer in test animals at doses very close
to those that workers at Lathrop might have received.3
In addition to being a potent carcinogen, DBCP was also
shown to be genotoxic in several short-term tests for
mutagenicity using bacteria4-6 or mammalian cells.78

The DBCP incident was the first documented example
of workplace-induced reproductive failure in men. The
rapidly differentiating reproductive tissue in male test
animals seems to be particularly sensitive to certain
chemicals (see Ethylene Dibromide later in this
paper) as is the differentiating fetal tissue in pregnant
women (see Glycol Ethers). Public concern was

heightened by the discovery that studies were published
18 years earlier showing that DBCP caused testicular
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changes in test animals at dose levels close to those
that produced similar adverse spermatogenic effects in
the men.9 Had greater significance been attached to
these results in test animals, the reproductive failure in
workers at Lathrop might have been avoided.
What can be done to help prevent similar episodes

from occurring in the future? Two lessons may be
learned. First, the release of information at the right
time (for example, animal toxicity data on DBCP to
plant officials and workers at Lathrop) could be an
effective part of a program of preventative occupational
medicine. Second, greater weight may need to be given
to results from studies in test animals as predictors of
effects in humans.

Shortly after the DBCP episode, the California leg-
islature moved to strengthen the state's academic
resources in occupational health and medicine by estab-
lishing several Occupational Health Centers on cam-
puses of the University of California. Right-to-know
legislation in California was enacted to enable em-
ployees and employers to receive information on the
hazards of workplace substances and to permit em-
ployees (or their physicians) to have access to personal
medical records. Finally, the legislature created the
Hazard Evaluation System and Information Service
(HESIS) within the State's Department of Health
Services.*

Hazard Evaluation System and Information Service
HESIS practices preventive occupational medicine by

providing information to workers and employers on the
health effects of toxic substances used in workplaces
and by assisting alert and concerned clinicians in iden-
tifying possible occupational determinants of disease.
The HESIS scientific staff of occupational health phy-
sicians and PhD toxicologists attempts to bridge the
gap between the published scientific and medical litera-
ture and the workplace community (employers, em-
ployees and health professionals) by a systematic re-
view of current issues of 57 journals in toxicology,
epidemiology, occupational medicine and related fields.
These resources are present in the HESIS library. To
provide the most up-to-date information possible on
questions of toxicology and occupational health, the
HESIS computer provides access to bibliographies of the
world's published medical and toxicologic literature,
US-sponsored research in progress and numerous medi-
cal, toxicologic and occupational health data bases.

HESIS provides information to the occupational
health community in several ways. A Telephone Inquiry

*HESIS is in the Toxic Substances Control Division of the state's
Department of Health Services, 2151 Berkeley Way, Berkeley, CA 94704
(415/540-3014), and is funded by a contract with Cal/OSHA in the
Department of Industrial Relations.

Response System (TIRS) is available to answer ques-
tions from employees, employers or health professionals
about clinical symptoms or about toxic substances en-
countered in California's workplaces. HESIS staff, in-
cluding scientists, health educators and a librarian,
responded to over 1,000 such inquiries in 1981. Such
calls may alert the medical community to new health
hazards or may trigger follow-up investigations or re-
medial consultations.

TIRS serves as a listening post for the health problems
of California's workplaces. With TIRS and a continual
review of the scientific and medical literature and of
data from various health registries (such as data on
tumors and birth defects), HESIS has begun to create a
reasonably comprehensive occupational health surveil-
lance system for California. The cooperation of phy-
sicians is needed to improve and extend this system.
From such surveillance, HESTS on occasion conducts

an in-depth investigation of a targeted substance, group
of substances, health effect or occupation, and releases
a written review of the scientific and medical evidence
that documents the potential for hazard.'0-22 Following
this evaluation, HESIS may inform the workplace com-
munity of any new or unappreciated health hazard by
issuing a Hazard Alert,2--5 Information Bulletin26 or
Fact Sheet for Physicians,'2-; depending upon the ap-
parent severity of the problem. As a consequence of
such a hazard evaluation, HESIS may also recommend
to Cal-OSHA that the work practices or permissible
exposure level (PEL) for a substance be changed (ex-
amples are ethylene oxide [EtO],23 glycol ethers24 and
ethylene dibromide [EDB].25)

Cancer and Reproductive Hazards in the
Industrial Chemical World

Over the past 40 years the production of synthetic
organic chemicals has increased enormously (greater
than 300-fold),'4 and workers are exposed to a much
greater variety of chemicals than ever before. Few of
these approximately 50,000 substances have been
tested for their ability to cause such severe and life-
threatening effects as cancer, mutation, birth defects
or sperm damage. For those that have been studied,
it has not been clear how animal test data, which pro-
vide most of the evidence, should best be used.
The long latency period of some human cancer (as

long as 20 to 40 years)35 raises the possibility that past
and present workplace exposures will cause increases
in cancer among workers in the future. Although the
cancer rate of the general population at present appears
to be relatively stable, lung cancer has increased sig-
nificantly over the last 80 years.3' The major portion
of this increase is attributed to increased cigarette
smoking,3738 but the contributions of occupational fac-
tors are less clear.'7'9 What is clear is that significant
increases in cancer have occurred in certain workplaces
during this same period-such as exposures to bis(chlo-
romethyl) ether, asbestos, 2-naphthylamine and benzi-
dine-without causing visible changes in the cancer
incidence in the general population, and that unac-

ceptably high cancer risks were experienced by indi-
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vidual workers from their exposure to carcinogenic
agents.
Most of the known human carcinogens to which the

public may be exposed have been identified by the
high cancer rates observed among workers in specific
industries: of the 36 agents for which there is strong
or conclusive epidemiologic evidence of carcinogenic
effect in humans, 26 were identified by occupational
exposures; the remainder are mainly agents used in
cancer chemotherapy (see Table 1) .40

Although less time may be required to see the effects
in workers from exposures to mutagenic or reproduc-
tive toxins, very little is known about the prevalence
of these effects in workplace situations.41 Effects on
spermatogenesis have been studied for occupational
exposures to only eight chemicals; clear or suggestive
evidence is present for four chemicals other than
DBCP"42" (lead,45 carbon disulfide,48'47 carbaryl45'49
and dinitrotoluene/toluenediamine50); and no effects
were seen with three others: polybrominated biphenyl
(PBB),51 p-tertiary butylbenzoic acid52 and epichloro-
hydrin.42 Adverse reproductive effects in male and fe-

TABLE 1.-Chemicals, Groups of Chemicals and
Industrial Processes That Are Carcinogenic or

Probably Carcinogenic to Humans

Carcinogenic
4-Aminobiphenyl
Arsenic and certain arsenic compounds
Asbestos
Manufacture of auramine
Benzene
Benzidine
N,N-bis(2-chloroethyl)-2-naphthylamine (chlornaphazine)*
Bis(chloromethyl)ether and technical grade chloromethyl methyl

ether
Chromium and certain chromium compounds
Diethylstilbestrol*
Underground haematite mining
Manufacture of isopropyl alcohol by the strong acid process
Melphalan*
Mustard gas
2-Naphthylamine
Nickel refining
Soots, tars and mineral oils
Vinyl chloride

Probably Carcinogenic
Acrylonitrile
Aflatoxin*
Amitrole (aminotriazole)
Auramine
Beryllium and certain beryllium compounds
Cadmium and certain cadmium compounds
Carbon tetrachloride
Chlorambucil*
Cyclophosphamide*
Dimethylcarbamoyl chloride
Dimethylsulphate
Ethylene oxide
Iron dextran*
Nickel and certain nickel compounds
Oxymetholone*
Phenacetin*
Polychlorinated biphenyls
Tris(l-aziridinyl)phosphine sulphide (thiotepa)

*Evidence for effects in humans was obtained from nonoccupational
exposures. Adapted from IARC, 1979.40

male workers have been associated with workplace ex-
posures to several substances.53 In some cases, spon-
taneous abortions may arise from damage to sperm
cells (see Table 2).

Cancer and reproductive disabilities are serious
health hazards. They compel us to regulate workers'
exposures to toxic substances and to use animal data
where possible to prevent such outcomes from occur-
ring in humans.

Assessment of Reproductive Hazards:
The Value of Animal Data
The DBCP incident raises an important question:

How can test results from studies of substances in ex-

TABLE 2.-Adverse Reproductive Effects Reportedly
Associated With Occupational Exposures*

Chemical Reported Effects

To Women
Laboratory solvents""

Lead and/or other
smelter exposures"-"

Mercury (metal)6".
Anesthetic gases6270 ......

Phthalate esters7. ........

Formaldehyde.2.

Carbon disulfide77 ......

Organochlorine
pesticides75-7.

Benzene, toluene xylene7.
Pesticides (various)"-" .

To Men
Dibromochloropropane
(DBCP) ..4.....

(Chromosome aberrations);
(birth defects)

Spontaneous abortions;
reduced birth weights;
(congenital abnormalities)
(Abnormal ovarian function)
Spontaneous abortions;
reduced birth weights;
congenital malformations
(Anovulation);
(increased spontaneous abortions)
Menstrual disorders;
(increased spontaneous abortions);
reduced birth weights
Menstrual disorders;
increased spontaneous abortions;
(reduced fertility)

(Abnormal ovarian function);
(increased toxemia of pregnancy);
(impaired lactation)
Prolonged menstrual bleeding
Chromosome aberrations

Infertility, azoospermia,
oligospermia

Lead and/or other
smelter exposures*',`8- Spontaneous abortions;

premature births;
[chromosomal abnormalities];
sperm abnormalities

Vinyl chloride'5.. [Chromosomal abnormalities]
Anesthetic gases'6"' .... Increased spontaneous abortions;

congenital abnormalities
Kepone .............. Loss of libido;

reduced sperm counts
Carbon disulfide4 ....... Decreased libido;

impotence;
increased sperm abnormalities

Ethylene dibromide97 .... (Decreased fertility)
Evidence is weaker for reported effects in ( ).
Events reported in nonreproductive tissues in [ ].

*Adapted from Council on Environmental Quality.03
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TABLE 3.-Comparlson of Reported Teratogenic Effects in Humans and Experimental Animals for Seven Agents*
Agent Reported Sites in Humans Reported Sites in Animals

Anesthetic gases ......... .......... Hemangiomas, hernias, skin, heart Skeletal defects only: rat, mouse
Smelter emissions (lead and/or arsenic) Multiple malformations Multiple malformations: rat, mouse, hamster(lead and arsenic)
Polychlorinated biphenyls ........... Skin discoloration; enlarged fontanelles Skin discoloration and lesions: rhesus monkey;enlarged fontanelles and syndactyly: pig, dog
Alcohol ........ .......... Facial, central nervous system Facial, dermal, neural, extremities: rat, mouse
Vinyl chloride .................. (Neural tube) Various, including encephalocele: rat
Diphenylhydantoin ................. Cleft lip, cleft palate, other craniofacial, Cleft lip, cleft palate, syndactyly, other skeletal

mental deficiency defects: mouse; minor kidney anomalies: rhe-
sus monkey

Methylmercury .......... .......... Central nervous system Central nervous system, skeletal: rat, mouse,
hamster, cat

Evidence is weaker for reported effects in ().

*Adapted from Council on Environmental Quality."

TABLE 4.-Comparison of Lowest Effective Doses of
Eight Teratogens in Humans and Animals*

Ratio of
Animal Dose:

Chemical Species Human Dose

Thalidomidel ................. Rabbit 5.0-2.5
Polychlorinated biphenyls1"° Rhesus monkey 1.8

Dog 14.3
Alcohol"-`1 ........ ... Rat 3.8-7.6
Aminopterin13m ........... Rat 2.0
Methotrexatell'll .Rat 4.8
Methylmercuryl2 ............... Cat, rat 50.0
Diethylstilbestrol (DES)',' Rhesus monkey 10.0-2.5
Diphenylhydantoin7'11 ........ Mouse 25.0
*Adapted from Council on Environmental Quality.13

perimental animals best be evaluated and communi-
cated so as to protect worker health? The interspecies
comparisons that can be made between humans and
animals for reproductive endpoints (such as spermo-
toxicity and teratogenicity) are interesting but are
based on very limited data. Comparisons that have
been made for semen parameters (counts, motility or
morphology) between at least two species (including
man) show a reasonably similar response for 24 chemi-
cals.98 Epidemiologic and laboratory studies that assay
for semen quality (counts, morphology, or motility)
in humans or animals are relatively easy to conduct
and quite sensitive. If appropriate human study popu-
lations can be identified, a more meaningful comparison
between the spermotoxic effects of chemicals in animals
and humans may be made in the near future.

Teratogenicity
For teratogenic or embryotoxic endpoints, several

thousand substances have been tested in experimental
animals, and several hundred have been found to give
a positive result.99 Only a handful have been studied
in humans, and fewer of these produce effects.100 The
infrequency of teratogenic events limits the sensitivity
of epidemiologic studies, and makes it unlikely that the
number of identified human teratogens will increase
substantially in the near future.l-" Thus, our knowledge
of the predictive value of animal teratogenicity data will
likely remain limited. Nevertheless, for the several

agents that have been examined, comparisons of their
teratogenic effects and potencies reveals that the human
and animal responses are not as dissimilar as might
have been expected (see Tables 3 and 4). Thus, for
reproductive toxins in general, there may be more of
an overlap than we had imagined between agents that
affect humans and those that produce effects in test
animals.

Cancer Prevention in the Workplace
A first step in limiting cancer risks to individuals

and the working population is to reduce the causes of
major varieties of cancer-lung, colon-rectal and breast
-and control exposures to specific cancer-causing sub-
stances. The major identified causes of lung cancer
include tobacco smoke and asbestos,38'119 and diet is
believed to play an important role in breast and colon-
rectal cancer.120 In theory, cancer may be prevented by
modifying the diet, controlling the use of tobacco and
reducing exposures to cancer-causing substances such as
asbestos. As a practical matter, involuntary environ-
mental or occupational exposures may be easier to
control than has been the voluntary use of tobacco or
improper diet.

While attention has been focused on assessing the
relative proportion of present and future cancer inci-
dences that are caused by either "lifestyle" or occupa-
tional and environmental factors3739 (with varying esti-
mates that need to be resolved by future studies39), an
uncertainty of perhaps greater public health conse-
quence may be overlooked. The effect of simultaneous
exposures of workers to both factors, as is likely to
occur in the workplace and in everyday life, is more
relevant to an appropriate assessment of human risk.
In two well-documented human studies of cancer risks
from exposures to agents singly or in combination (cig-
arette smoking and exposures to asbestos or radiation),
the cancer risks from the combined exposures are the
product, not the sum, of the risks from separate ex-
posures. Thus, prolonged cigarette smoking is associ-
ated with a -tenfold increase in the risk for bronchial
carcinoma (lung cancer) while prolonged heavy occu-
pational exposure to asbestos is associated with a
fivefold increase in risk. However, combined exposures
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(such as cigarette smokers exposed to asbestos) are
associated with a 50-fold, and not 15-fold, increase in
risk over that experienced by nonsmokers with no
asbestos exposure.'19 There are data to suggest that a
similar synergism exists between exposures to tobacco
smoke and radiation.

Such synergistic interactions may be more common
than is currently appreciated, but at present we cannot
predict whether the effects of other interactions will be
additive, multiplicative or inhibitory. Thus, from a
policy as well as a scientific standpoint, the dichotomy
between "lifestyle" and environmental and occupational
factors may be more artificial than helpful. A simpler
view is that cancer has a multiplicity of interacting
causes, including "lifestyle" and environmental and
occupational exposures, and that these will only in-
frequently be disentangled.

Oncogenes and Cancer
Oncogenes549-"6 have been isolated from tumors of

several human tissues (bladder, breast and lung), the
sites of the major types of cancer in humans. When
introduced into normal cells, these genes transform the
cells into a cancerous state. Genes with similar trans-
forming abilities have been isolated from tumors of
these same tissues from test animals. Whereas distinctly
different cancer genes exist for bladder, breast and lung,
it is significant that the oncogenes from human and test
animals are virtually identical for a specific tissue.
In addition, some of these genes are virtually identical
to the cancer-causing genes of the common tumor
viruses that produce cancers in animals.

Even more remarkable is the finding that such genes
are present in normal cells where they may participate
in the maintenance of daily cellular functions. Damage
to these genes (or to other controlling genes) by car-
cinogens or tumor virus infection may stimulate their
activity and lead to cancer.

While much remains to be described of the mecha-
nism of action of cancer genes, the recent discoveries
suggest a unifying theory of cancer-causation that is
gratifyingly simple. Normal cells contain certain genes
necessary for normal cellular function. Modification
(mutation, rearrangement and the like) of these genes
(or of other genes that normally restrain their activity)
by carcinogens or tumor virus infection causes them
to function abnormally. This genetic misbehavior con-
verts the cell to cancerous growth.

Methods for Identifying Carcinogens
A carcinogen is generally understood to be a sub-

stance or agent that increases the frequency (age-
specific incidence) of cancer in humans or in other
species.40"1-'29 The identification of chemical sub-
stances that pose cancer risks to humans is complex and
requires integration of information from several scien-
tific disciplines. Evidence that a substance may be a
carcinogen comes from four sources: epidemiologic
studies in human populations; bioassays in experi-
mental animals; short-term tests for mutagenicity and
cell transformation, and similarities in chemical struc-

ture to known carcinogens. Procedures for evaluating
data from the first three of these methods are reviewed
briefly; it should be noted that they provide evidence of
different strengths.

Epidemiologic Studies
Epidemiologic studies offer the overwhelming ad-

vantage of providing direct evidence for carcinogenic
effects in hunmanis. They are well suited to identify
major causes of cancer in defined populations (ciga-
rettes, asbestos, initial pregnancy late in life and so
forth)1i0 but are less suited to determining whether a
specific chemical poses a cancer risk to humans. Even
so, epidemiology has identified several important chemi-
cal carcinogens (such as benzene, arsenic) before ani-
mal tests were done.40 At present, the International
Agency for Research on Cancer states that there is
sufficient evidence for the carcinogenicity in humans
of 18 chemicals, groups of chemicals and industrial
processes, and there is probable evidence of varying
strengths for 1 8 others40 (see Table 1).

In addition, negative results from well-conducted
epidemiologic studies are useful in placing an upper
limit of risk for a chemical exposure. They complement
the more uncertain quantitative risk estimates made
from data from animal cancer tests.

Epidemiologic methods are extremely useful tools.
In general, however, they have low sensitivity. For
example, when a cohort study population is relatively
small (less than 1,000), the study may fail to identify
an agent that increases the risk of a specific type of
cancer by a factor of less than five to ten. Even large-
scale studies may require an increase of more than 50
percent in cancer incidence before an effect is statis-
tically significant. For this reason, negative results in
studies of smaller size seldom provide strong evidence
that an agent is not carcinogenic. To detect a carcino-
genic effect, it may be necessary to have either a very
large study population or a smaller-sized population
that is exposed for several years to large doses of a
potent carcinogen. In addition, such studies are often
difficult to conduct, both because appropriate study
groups and reliable information about past exposures
are limited and because biases and confounding factors
are difficult to eliminate. A recent review'3' reports
that epidemiologic data do not exist (and are unlikely
to be developed in the future) for the vast majority of
industrial chemicals that cause cancer in experimental
test animals and to which workers are exposed.

In addition, because of the 20- to 30-year latency
period of many types of cancer in humans, epidemi-
ologic studies are not suited to warn and protect people
from the cancer risks from exposures to new carcino-
gens. If an early-stage carcinogen has been identified
by an epidemiologic study as a cause of human cancer
and the exposures are reduced or eliminated, the cancer
risk among those previously exposed may remain ap-
preciable for the ensuing 20 to 30 years. Limiting
exposure to late-stage carcinogens or promoters can

reduce the cancer risk more rapidly-for example, ces-
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sation of cigarette smoking appears to modify the risk
for lung cancer within five years.'32"33

Thus, because of the insensitivity of epidemiologic
studies, the long latency period of cancer and the dif-
ficulty in obtaining an appropriate study population,
we are forced to rely heavily on other means of identify-
ing agents which have the potential to produce cancer
in humans.

Assessment of Cancer Hazards:
The Value of Animal Data

Fortunately, results from animal cancer bioassays
appear to be reasonable qualitative predictors of car-
cinogenic effects in humans, and the laboratory animal
bioassay is widely used to indicate the carcinogenic
potential of a chemical. Bioassay methods have been
standardized in recent years and, except for minor
details, there is now general acceptance of test pro-
cedures.'25"34-'40 Most substances that are carcinogenic
in one species of test animal are carcinogenic in a
second when adequately tested;'4'-'48 most sub-
stances that are known to be carcinogenic in humans,
for which adequate animal data exist, are carcinogenic
to animals.40"146-'48 For several recognized human car-
cinogens-4-aminobiphenyl, bis(chloromethyl) ether,
diethylstilbestrol, melphalan, mustard gas and vinyl
chloride-the first evidence of carcinogenicity was
found in test animals. Only afterwards were cancer ef-
fects looked for, and found, in humans.'48 From a
scientific standpoint, it seems reasonable to consider
substances for which there is evidence of toxic effects
in test animals as likely to produce similar effects in
humans. Thus, the International Agency for Research
on Cancer concludes, "In the absence of adequate data
in humans it is reasonable, for practical purposes, to
regard chemicals for which there is sufficient evidence
of carcinogenicity (i.e., a causal association) in animals
as if they presented a carcinogenic risk for humans"40
[emphasis added].

Indeed, recent discoveries in the molecular biology
of cancer would make it surprising if carcinogenesis
in rodents is greatly different from that in humans.
Cancer-causing genes ("oncogenes") and cell trans-
formation maintenance factors have been isolated from
rodent tissues and are virtually identical to those found
in the corresponding human tissues.1491-56 These find-
ings indicate that carcinogenesis in humans and test
animals may be remarkably similar, and they strongly
support the belief that test animals are reasonable and
appropriate models for understanding the carcinogenic
process in humans.

Sufficient evidence presently exists for the carcino-
genicity in animals of about 200 chemicals. The Inter-
national Agency for Research on Cancer considers
there is "sufficient evidence" for carcinogenicity for
142 of the 422 chemicals it has assessed in its review
process.40 The National Cancer Institute has concluded
that there is "sufficient evidence" of carcinogenicity for
98 of the 190 chemicals evaluated in its bioassay pro-
gram,'44 some of which are the same as those reviewed
by the International Agency for Research on Cancer.

As stated earlier, sufficient evidence exists for 18
chemicals that they are carcinogenic in humans.40

For most of the 200-odd animal carcinogens for
which there is "sufficient evidence," it is unlikely that we
will ever know with certainty whether they cause cancer
in humans because of the difficulty in obtaining appro-
priate populations suitable for epidemiologic studies.
Since it is unlikely we will ever confirm or deny the ap-
parent carcinogenic potential of these 200 chemicals, it
appears prudent in the interim to control exposures to
them as if they had demonstrated effects in humans.

Short-term Tests for Mutagenicity, DNA Damage and
Cell Transformation

Short-term tests"5-"19 generally evaluate the ability
of a substance to produce mutations, chromosomal
alterations or DNA damage in a test organism, or to
induce transformation of cultured mammalian cells.
Systems that are used in short-term tests include micro-
organisms (such as bacteria, yeast and molds), cul-
tured mammalian cells and whole animals. These tests
are comparatively inexpensive ($5,000 to $10,000 per
battery of short-term tests versus $500,000 for an
animal bioassay) and can be completed in a relatively
short time. A number of these tests can be done, there-
fore, with limited resources. They offer the potential
for providing useful information on the two most in-
transigent problems in carcinogenic risk assessment-
species differences between rodents and humans, and
estimating risks at very low doses. Some short-term tests
can be performed with human cells or tissues; and
some effects, such as DNA damage, can be measured at
very low doses.

Use of short-term tests to predict carcinogenicity is
justified on both theoretical and empirical grounds.
Many of these tests detect biological activities (muta-
genicity and cell transformation) that are believed to
be stages of carcinogenesis. Most known animal and
human carcinogens have been shown to be mutagenic
when tested in a suitable battery of short-term tests,
while most noncarcinogens have not.'60-'69 Because of
this, a battery of tests can be a useful predictor of car-
cinogenicity. Such a strong correlation may exist be-
cause most of the chemical carcinogens tested thus far
act by mechanisms that involve DNA damage, though
this has not been rigorously proved. The particular
relevance of tests that measure cell transformation is
based on the observation that transformed cells, when
implanted into a receptive animal host (such as a
"nude" mouse) will form malignant tumors.

There is a high probability that a chemical that is
positive in an appropriate battery of short-term tests
will prove to be a carcinogen when adequately tested
in animal cancer tests. Short-term tests can be used,
therefore, to augment evidence for carcinogenicity from
animal cancer bioassays that, for some reason, are not
by themselves definitive. Short-term tests can also in-
dicate the potential for carcinogenic hazard of chemi-
cals not yet tested in animals. At present, short-term
tests are not sufficiently standardized and validated to
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provide definitive information about carcinogenicity or
noncarcinogenicity in the absence of other evidence.

Risk Assessment and Hazard Evaluation
Quantitative estimates of cancer risks in humans

based on extrapolation from animal data are difficult
to interpret'but are routinely made. What information
needs to be developed to permit meaningful estimates
of cancer risks from exposures to combinations of
chemicals such as occurs in occupational settings? What
is a reasonable occupational health policy in the in-
terim? Some principles are emerging. Although differ-
ences may exist between species in host responsiveness
(differences in pharmacokinetics and DNA-repair effici-
encies, for instance), the carcinogenic potencies of
chemicals in different species of test animals (rats and
mice) are generally similar.'70 Moreover, the respon-
siveness of test animals is reasonably similar to that of
humans for those chemicals (21) that have been ex-
amined.170"71 Clearly, the inadequacy of human ex-
posure data limits the accuracy of such comparisons.
Such interspecies differences as exist between rodents
and humans must be viewed in relation to the presumed
large variation among individuals (such as genetic het-
erogeneity and host-response differences) in the human
population.

Information is needed to improve the accuracy of
quantitative estimates of cancer risk from exposures to
combinations of agents. In the interim, carcinogenic
risks to humans exposed to single or combinations of
chemicals must be estimated by extrapolation from
available bioassay data using suitable (such as a multi-
stage model) methods, while acknowledging that such
methods will underestimate the true risks if synergisms
occur. Compared with the population of test animals,
the population of workers is genetically diverse and is
simultaneously exposed to a large number of chemicals.
Suitable corrections for these differences also should
be made in any appropriate risk calculations.

Summaries of hazard evaluations carried out by
HESIS for several substances are given below. The evi-
dence for carcinogenicity or reproductive toxicity of
these chemicals is based largely on results from studies
in test animals.

Ethylene Oxide
Ethylene oxide'0 is a gas that is familiar to most health

professionals as a widely used sterilant for heat-sensitive
hospital supplies and equipment.10 Recent studies have
indicated that it is carcinogenic by inhalation in male
and female rats (leukemia) at dose levels below the
current permissible exposure level (50 ppm).*0,172 It
is also mutagenic in 13 test systems,'0 including mam-
malian somatic cells (micronucleus test)173 and germ
cells (dominant lethal'74"175 and heritable translocation
tests ). In addition, increased frequencies of sister-
chromatid exchanges are found in the chromosomes of
workers exposed to ethylene oxide'76 at doses less than
one-tenth of the current permissible exposure level.'77
Similar chromosomal effects are produced in test ani-
mals (monkeys and rabbits).178 Adverse reproductive

effects (reductions in litter size of exposed female rats
at 100 ppm,179 and sperm count in monkeys at 50
ppm)'0 are evident in test animals at dose levels close
to the permissible exposure level.

There is inadequate epidemiologic evidence to assess
the carcinogenic or adverse reproductive effects of
ethylene oxide in humans.'80-'83 However, because of the
extensive evidence for genotoxicity in test animals,
HESIS issued a Hazard Alert"3 on this chemical and
recommended that the permissible exposure level be
reduced and that extensive programs in equipment
maintenance, environmental monitoring, training and
education, and medical surveillance be initiated in hos-
pitals using this substance.

Hospitals are not normally considered to be work-
places where exposures to toxic substances occur. How-
ever, the example of ethylene oxide indicates that mem-
bers of the medical community, like workers in other
occupational settings, need to be aware of the potential
health hazards of toxic substances present in their work
environment.

Formaldehyde
Like ethylene oxide, formaldehyde is a gas for which

there is extensive evidence of genotoxicity and car-
cinogenicity. Formaldehyde is carcinogenic in two
strains of rats and in one strain of mice (nasal cavity
squamous cell carcinoma) 184"185 (Kern WD, Paukov
KL, Donofri DJ, et al: Inhalation carcinogenicity of
chronic formaldehyde exposure in rats and mice, un-
published data, 1982) at dose levels (6 to 15 ppm)
near the current permissible exposure level (2 ppm).
It causes DNA damage, mutation or transformation in
four test species (bacteria,'86"187 yeast,'88 Drosophila
melanogaster'89 and mammalian cells'90) as well as
chromosome aberrations in four species.'9' Epidemi-
ologic evidence available at present has not shown a
carcinogenic effect of formaldehyde in humans.192-'94
(Fayerweather WE, Pell S, Bender JR: Case-control
study of cancer deaths in Du Pont workers with poten-
tial exposure to formaldehyde, unpublished report from
E. I. Du Pont de Nemours & Co., May, 1982.) How-
ever, many of these studies had limited power to detect
a significant increase in cancer incidence, and little or
no information on exposure levels of formaldehyde was
available.

Because the genetic toxicology of formaldehyde is
very similar to that of ethylene oxide, it seems reason-
able to adopt similarly safe work practices for formal-
dehyde and extend the health consciousness of the
medical community into other work environments. A
significant difference between the two chemicals is that
formaldehyde is a potent nasal irritant and, thus, has
good warning properties whereas ethylene oxide is a
nearly odorless, nonirritating substance and, conse-
quently, has poor warning properties. (In fact, a major
health hazard from formaldehyde exposure may be
respiratory sensitization.)
Ethylene Dibromide

Ethylene dibromide (EDB)1920 has major uses as a
lead scavenger in leaded gasoline and as a soil fumigant
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in agriculture. With the Med-fly crisis in the summer
of 1981, a major increase in use of the chemical was
proposed to fumigate citrus fruits, cherries and plums
as a means of limiting the spread of Med-fly larvae.

HESIS staff had previously targeted ethylene dibro-
mide as a priority chemical because its genetic toxi-
cology was strikingly similar to that of the closely
related brominated compound, DBCP.19"20 Both chemi-
cals are potent carcinogens, mutagens and spermotoxins
with effects occurring in test animals at dose levels
close to the permitted exposure levels in workers20 (see
Table 5). They are among the most potent carcinogens
of the widely used industrial chemicals that have been
tested in animal bioassays192 (see Table 6). Ethylene
dibromide and DBCP are carcinogenic in rats and mice
of both sexes, producing the same malignant tumors at
the tissue of first contact (oral route: stomach squamous
cell carcinomas;3_19G inhalation: respiratory tract carci-
nomas'9798). For ethylene dibromide, these effects oc-
curred between I and 10 mg per kg of body weight per
day, uncomfortably close to the dose that workers could

TABLE 5.-Effects of Ethylene Dibromide (EDB) and
1,2-Dibromo-3-chlorpropane (DBCP)

Route Dose Effect

Potent sperm toxins
DBCP:

Rats' ............ Inhalation 1.2 4 Atrophy
Rabbits'. ........ Inhalation 0.5 .Count

EDB:
Cattle02-20' ....... Oral 2 .JAll
RaM0' ... Subcutaneous 8-14 lMorphology
Rats20m ... Injection 10 4Litter size

Species Oral Inhalation

Tumors produced from oral and
DBCP and EDB
Mice ,9. Stomach

Rats a,9 .....

squamous cell
carcinomas
Stomach
squamous cell
carcinomas

inhalation exposures to

Nasal cavity
adenocarcinomas

Respiratory
tract
carcinomas

receive (7 mg per kg of body weight per day)192 at the
then current permissible exposure level (20 ppm).
As with DBCP, the chemical is also a potent mutagen

in several short-term tests for mutagenicity, including
the Ames Salmonella test,"99 and Drosophila.'00 Also,
like DBCP, it is a proved animal testicular toxin, causing
effects on sperm or male-transmitted reproductive out-
comes in three species where it is roughly as potent as
DBCP (although in different species and by different
routes of exposure, see Table 5). n To date, there have
been no published reports of infertility or induced
semen defects in humans associated with exposure to
ethylene dibromide.'07"08

Because of the extensive evidence that ethylene dibro-
mide is a potent carcinogen and testicular toxin in test
animals, HESIS issued a Hazard Alert25 and recom-
mended that the permissible exposure level be reduced
(it is now 130 ppb in California). As was the case with
ethylene oxide23 and with the glycol ethers'2- (see below),
the Hazard Alert was distributed to all companies, unions
and workers in California who had potential exposures
to the chemical. It is to be hoped that the lessons of
DBCP have been learned so that human disease from
exposure to these chemicals need never be observed.

Polychlorinated Biphenyls
Polychlorinated biphenyls (PCB'S)'4 have received

considerable public notoriety as ubiquitous contami-
nants of our environment. Because they are complex
mixtures that are chemically inert, heat stable and non-
flammable, they have a variety of uses as dielectric
fluids in transformers, hydraulic lubrication fluids, plas-
ticizers and as components in inks, paints and ad-
hesives.14 They are carcinogenic in male mice (liver
carcinomas)210 and in two strains of female rats.209'21
They cause transformation of mammalian cells in cul-
ture (DH Norback, PhD, and R Weltman, PhD, Uni-
versity of Wisconsin Medical School, oral communica-
tion, 1980). However, polychlorinated biphenyls are
only /l100 as potent carcinogenic agents in test ani-
mals as ethylene oxide, formaldehyde, ethylene dibro-
mide and DBCP, and the evidence for their genotoxicity
is less extensive (see Table 6).
The highly chlorinated isomers of polychlorinated

TABLE 6.-Chronic Toxicity of Widely Used Industrial Chemicals

Carcinogenicity
Mutagenicity Permissible1981 US Relativ e (Number of ExposureProduction Response Dose to Different Leiel(in millions Produce Short-Term (PEL)Chemical ..of lbs.) Use Rats Mice Response* Test Systems) (ppb)

1,2-Dibromo-3-chloropropane (DBCP) .... Not produced Fumigant 4+ 4+ 1 + ( 5) 2
FtOvlPnP .2:l..1. ,uw . .. .....

Ethylene oxide (EtO) ..................
Formaldehyde (HCHO) ................
Polychlorinated biphenyls (PCB's) .......

5,000
6,000
Not produced

Ciasoline additive;
fumigant
Intermediate; sterilant
Intermediate
Dielectric

4+ 4+ 1
3+ + 10
2+ + 10

3+ 100

+( 3)
+ (13)
+( 7)
Cell

transformation
( 1)Trichloroethylene (TCE) ............... 130 (1977) Solvent + 4+ 1,000 + ( 4)Glycol ethers (GE) .......1...... ,225 Solvent ... - ( 7)

'Relative dose (mg/kg/day) required to produce significant tumors (DBCP =1; approximate values).
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biphenyls are not readily metabolized in mam-
malian species, including humans, and tend to bioac-
cumulate in adipose tissues.'4 Thus, although the car-
cinogenic risk is less well established for these chemicals
than for the other chemicals already discussed, it is am-
plified by the long residence time of these agents in the
body. Because of these factors, HESIS recommended'4
that exposure to polychlorinated biphenyls be kept to
a minimum.

Glycol Ethers
Glycol ethers" are a group of widely used industrial

solvents found in cleaning and thinning agents and in
coatings such as epoxies, wood stains, varnishes, paint
and ink. They also serve as surfactants in various ex-
traction processes and as fixatives in perfumes, cos-
metics and soaps."

Recent studies have shown that the glycol ethers and
derivatives produce adverse reproductive effects in lab-
oratory animals," although they are negative in a
variety of short-term tests for mutagenicity.2'2 They
induced birth defects in the offspring of exposed females
and caused retarded sperm development and testicular
growth in exposed males in three species (mice,214'2'5
rats2'5'2'6 and rabbits2'5'2'6). These effects occurred by
a variety of dose routes (dermal, ingestion and inhala-
tion) and at dose levels that were only slightly higher
than the permissible exposure level for these com-
pounds. The congenital defects observed were severe,
including neural tube defects in mice (spina bifida and
exencephaly) 214 and cardiac abnormalities in rab-
bits.2'6'2'7 Rabbits were particularly sensitive to the
testicular effects of ethylene glycol monomethyl ether,
and degenerative changes in the testicular germinal
epithelium were evident in one study from exposure to
30 ppm for 90 days (permissible exposure level: 25
ppm)218 (Miller RR, Calhoun LL, Yano BL: Ethylene
glycol monomethyl ether: 13-week vapor inhalation
study with male rabbits, unpublished report from Dow
Chemical, USA, submitted by the Chemical Manufac-
turers Association, 1982). Moreover, cardiovascular
defects were observed in the offspring of rabbits that
received ethylene glycol monoethyl ether.

There is inadequate evidence to assess the reproduc-
tive effects of glycol ethers in humans. Women exposed
to a variety of solvents, including a glycol ether, re-
ported a variety of gynecological disorders, and their
newborn children had a higher incidence of birth de-
fects (including congenital heart defects) than did
newborns from a control group.2'9 The significance of
the birth abnormalities is tempered by the workers'
exposures to other solvents.

Because of the severity of the reproductive effects in
test animals, HESIS issued a Hazard Alert24 and recom-
mended that the permissible exposure level for the
glycol ethers be lowered and that work practices be
changed (use of impermeable gloves, protective cloth-
ing and good ventilation) to reduce skin and inhalation
exposures. It is noteworthy that male and female re-
productive tissues are affected by such nonreactive,
nongenotoxic substances as the glycol ethers. Other

solvents that share the special hydrophilic and lipophilic
solvating ability of these substances could produce
similar effects and should be tested.

Conclusions
Research on cancer and reproductive effects is con-

tinuing, and as our understanding increases, programs
for prevention and control of these diseases will likely
change. Prevention, however, can proceed without pre-
cise answers, and we must make occupational health
decisions based upon the best available evidence. Can-
cer risks to the working population and to the individual
person can be reduced by a comprehensive program to
modify the major identified determinants of cancer and
to control exposures to specific carcinogenic sub-
stances.220 Similar programs should be possible with
reproductive agents. Modification of work practices
cannot be constrained to require absolute certainty when
the consequences of inaction could result in serious
effects on the health and welfare of the working popu-
lation.
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